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1. INTRODUCTION {#jms4490-sec-0001}
===============

Renal cell carcinoma derived from epithelial tubular cells represents 90% of kidney cancers, and clear‐cell renal cell carcinoma (ccRCC) is the most prevalent subtype comprising 70% to 80% of cases.[1](#jms4490-bib-0001){ref-type="ref"}, [2](#jms4490-bib-0002){ref-type="ref"} Typically, ccRCC is detected at advanced stages and, in general, is highly resistant to standard chemotherapy and radiotherapy treatments leading to high rates of recurrence and mortality.[2](#jms4490-bib-0002){ref-type="ref"}, [3](#jms4490-bib-0003){ref-type="ref"} The histopathological hallmark of ccRCC is a clear cytoplasm appearance, because of accumulation of multiple lipids and glycogen, associated with Warburg effect metabolism.[4](#jms4490-bib-0004){ref-type="ref"}, [5](#jms4490-bib-0005){ref-type="ref"} For most ccRCC, the Warburg metabolism is associated with mutations of the von Hippel‐Lindau tumor suppressor gene,[6](#jms4490-bib-0006){ref-type="ref"}, [7](#jms4490-bib-0007){ref-type="ref"} leading to stabilization of hypoxia‐inducible factor 1α (HIF1A) and hypoxia‐inducible factor‐2α.[8](#jms4490-bib-0008){ref-type="ref"}, [9](#jms4490-bib-0009){ref-type="ref"} This stabilization of HIF1A leads to downstream changes resulting in an oncologic shift in increased glucose uptake and increased glycolytic flux in the pentose phosphate pathway associated with the Warburg effect.[10](#jms4490-bib-0010){ref-type="ref"} Multiple TCGA studies of ccRCC have confirmed many Warburg effect--related changes at the genomic/transcript level and correlated changes with stage and survival.[11](#jms4490-bib-0011){ref-type="ref"}, [12](#jms4490-bib-0012){ref-type="ref"}

Previous collaborative genomic and proteomic studies from our groups reported the use of paired ccRCC tissues representing nontumor and tumor stages 1 to 4.[13](#jms4490-bib-0013){ref-type="ref"}, [14](#jms4490-bib-0014){ref-type="ref"}, [15](#jms4490-bib-0015){ref-type="ref"} These studies identified multiple transcriptomic and proteomic changes in tumors associated with a fundamental Warburg effect type metabolism of glucose utilization. A research area that has not been evaluated is the effects that increased glucose and glutamine utilization have on complex carbohydrate metabolism and cell surface glycosylation in ccRCC tissues. Metabolically, the precursors for complex carbohydrate biosynthesis of the sugar components of glycoproteins, proteoglycans, and glycolipids are integrally linked with glucose and glutamine metabolism. Changes in cell surface glycosylation during cancer progression are well described and impact multiple cellular functions including cell‐cell adhesion, signal transduction, and immune recognition.[16](#jms4490-bib-0016){ref-type="ref"}, [17](#jms4490-bib-0017){ref-type="ref"} Inherent in these changes in glycosylation is the impact on potential therapeutic responses, and for ccRCC, this is particularly critical in that vascular endothelial growth factor--targeted therapies and immunotherapies are the primary treatment options.[1](#jms4490-bib-0001){ref-type="ref"}, [18](#jms4490-bib-0018){ref-type="ref"} Few studies have evaluated the changes in glycosylation in ccRCC, which is thus the focus of the current paper.

The N‐glycome represents the structural composition of N‐linked glycans attached to asparagine residues on protein carriers in a given cell or tissue. In this report, the N‐glycome of multiple human kidney tissues and tissue microarrays (TMAs) representing normal, polycystic kidney disease and multiple ccRCC stages was determined using a matrix‐assisted laser desorption/ionization (MALDI) imaging mass spectrometry approach that allows spatial mapping of N‐glycans in frozen or formalin‐fixed tissues.[19](#jms4490-bib-0019){ref-type="ref"}, [20](#jms4490-bib-0020){ref-type="ref"}, [21](#jms4490-bib-0021){ref-type="ref"}, [22](#jms4490-bib-0022){ref-type="ref"} Colocalization of different glycan structural classes to specific tubule and glomeruli regions is also demonstrated. For comparison, a non‐cRCC polycystic kidney disease tissue was also analyzed. Multiple N‐glycans were identified that were increased in ccRCC, as well as a significant decrease in multifucosylated N‐glycans normally associated with proximal tubules. Correlative changes in the transcript levels of glycan biosynthetic genes are also presented.

2. MATERIALS AND METHODS {#jms4490-sec-0002}
========================

2.1. Reagents {#jms4490-sec-0003}
-------------

High‐performance liquid chromatography--grade acetonitrile, ethanol, methanol, xylene, and water were obtained from Fisher Scientific (Pittsburg, PA, USA). Citraconic anhydride for antigen retrieval was obtained from Thermo Scientific (Bellefonte, PA, USA). Alpha‐cyano‐4‐hydroxycinnamic acid (CHCA) and Trifluoroacetic acid (TFA) were obtained from Sigma‐Aldrich (St. Louis, MO, USA). Recombinant PNGaseF Prime was obtained from N‐Zyme Scientifics (Doylestown, PA, USA). Hematoxylin and Eosin (H&E) stains were obtained from Cancer Diagnostics (Durham, NC, USA).

2.2. Tissue samples {#jms4490-sec-0004}
-------------------

All ccRCC tissue samples were obtained from the Mayo Clinic biorepository as previously described.[13](#jms4490-bib-0013){ref-type="ref"}, [14](#jms4490-bib-0014){ref-type="ref"} Briefly, samples were part of an IRB‐approved study begun in 2003 to obtain discarded tissues from any patient with sporadic conventional RCC who underwent nephrectomy and gave informed consent. The tissue samples are linked to the Nephrectomy Registry database, and collections of pathological specimens occurred in such a manner that subjects could not be identified. Samples were collected from surgical resections, snap frozen in liquid nitrogen, and stored at −80°C. A centralized pathology review on all tumor samples was performed to confirm tumor histologic classification and tumor lymph node metastases (TNM) stage and grade. The following definitions were used: Stage 1 is localized ccRCC with tumor less than 7 cm; stage 2 is localized ccRCC with tumor greater than 7 cm; stage 3 is invasive ccRCC into Gerota fascia; stage 4 ccRCC is metastatic disease to a distal organ. Corresponding nontumor tissues from each donor were collected from distal locations. Tissue microarray slides representing stages 1 to 4 ccRCC were prepared from these collected sample sets. Three pairs of frozen stage 4 ccRCC and matching nontumor tissue sections were fixed in formalin and paraffin‐embedded for subsequent use in the current study. The nontumor tissue with the best cross section of the different regions of the kidney was used as the representative tissue pair of this group. A formalin‐fixed paraffin‐embedded (FFPE) tissue representative of human polycystic kidney disease and a human ccRCC Fuhrman nuclear grade 2/4 tissue, both deidentified to donor, were obtained from the biorepository at Medical University of South Carolina.

2.3. Tissue preparation and PNGase F digestion {#jms4490-sec-0005}
----------------------------------------------

Tissue slides were processed and digested with PNGase F Prime enzyme using a standardized protocol.[21](#jms4490-bib-0021){ref-type="ref"} Briefly, tissue slides were dewaxed in xylenes and then rehydrated in a gradation of ethanol and water washes prior to antigen retrieval with citraconic anhydride buffer as previously descriibed.[20](#jms4490-bib-0020){ref-type="ref"}, [21](#jms4490-bib-0021){ref-type="ref"} Using an M3 TMSprayer (HTX Technologies LLC, Chapel Hill, NC), 15 passes of PNGase F at 0.1 μg/μL were then sprayed onto the slides followed by a 2‐hour digest at 37°C in a prewarmed humidity chamber. After desiccation, 10 passes of 7‐mg/mL CHCA matrix in 50% acetonitrile 0.1% TFA was applied at 0.1 mL/min with a 2.5 mm offset and a velocity of 1300 at 80°C and 10 psi using the TMSprayer.[21](#jms4490-bib-0021){ref-type="ref"} Slides were stored in a desiccator until analysis.

2.4. MALDI--Fourier transform ion cyclotron resonance analysis of N‐glycans {#jms4490-sec-0006}
---------------------------------------------------------------------------

A Solarix dual‐source 7T MALDI--Fourier transform ion cyclotron resonance mass spectrometer (MALDI‐FTICR MS) (Bruker Daltonik, Bremen, Germany) equipped with a 2000‐Hz SmartBeam II MALDI laser with a laser spot size of 25 μm was used to detect released N‐glycan ions. A total of 200 laser shots per pixel with a step size of 150 μm between pixels were collected as previously described.[21](#jms4490-bib-0021){ref-type="ref"} After MS data acquisition, spectrums were uploaded to FlexImaging 4.0 software (Bruker Daltonik) for analysis of the mass range *m*/*z* 500 to 4000. FlexImaging‐generated glycan images normalized to total ion current were then searched using accurate mass against a database of known glycans generated using GlycoWorkbench. Glycan structures annotated in this paper are compositionally accurate as determined by mass as well as prior structural characterizations by MALDI‐FTICR MS, or MALDI--time‐of‐flight mass spectrometry (MALDI‐TOF MS), and liquid chromatography‐MS/MS.[23](#jms4490-bib-0023){ref-type="ref"}, [24](#jms4490-bib-0024){ref-type="ref"}, [25](#jms4490-bib-0025){ref-type="ref"} A key to monosaccharide unit symbols used to construct depictions of glycan structures is provided in Figure [S1](#jms4490-supitem-0001){ref-type="supplementary-material"}. SCiLS Lab 2019c imaging software (Bruker Daltonik) was used in concert with FlexImaging to generate comparisons of glycan intensity and segmentation analyses. SCiLS Lab was also used to generate area under the peak (AUP) intensity values for TMAs and tissue slices after normalizing glycan intensity values to total ion current, which were subsequently exported to Microsoft Excel for analysis. Glycan structures detected and intensity data for the nontumor and ccRCC 4 tissue and stage 1 tissue microarray are provided in Figure [S1](#jms4490-supitem-0001){ref-type="supplementary-material"}. Log2 fold change (FC) was calculated by comparing individual glycan intensities between normal and tumor tissues on a patient by patient basis. Multiple Experiment Viewer software was used to generate hierarchical clustering analyses from calculated FC values. To determine statistically significant changes in glycan expression, AUP values were evaluated using a two‐sample *t* test assuming unequal variance to generate their *P* values.

2.5. Gene array data {#jms4490-sec-0007}
--------------------

A previously published gene array dataset for paired normal and ccRCC tumors (stages 1‐4) was derived from Affymetrix Human Genome U133 Plus 2.0 Array chip expression analysis.[13](#jms4490-bib-0013){ref-type="ref"}, [15](#jms4490-bib-0015){ref-type="ref"}

3. RESULTS {#jms4490-sec-0008}
==========

3.1. N‐Glycan analysis of ccRCC tissues {#jms4490-sec-0009}
---------------------------------------

The initial assessment of the human kidney N‐glycome was done using FFPE tissues representing different grades and stages of ccRCC. Tissues were antigen retrieved, sprayed with PNGaseF, and released N‐glycans detected by MALDI‐FTICR MS using a standardized protocol.[21](#jms4490-bib-0021){ref-type="ref"} Shown in Figure [1](#jms4490-fig-0001){ref-type="fig"} is the N‐glycan profiling of a representative ccRCC tissue selected because it had both tumor (Fuhrmann grade 2) and nontumor sections separated by a fibrillar capsule. There was a particular structural theme associated with the nontumor region, involving glycans with a bisecting N‐acetylglucosamine (GlcNAc) and multiple fucose residues with bi‐, tri‐ and tetra‐antennary branches (Figure [1](#jms4490-fig-0001){ref-type="fig"}B). Fucosylated, bisecting GlcNAc N‐glycan structures representing *m*/*z* = 2158, 2304, and 2816 have been reported in mouse kidney studies by both MALDI‐TOF and ESI‐LC MS/MS analysis.[26](#jms4490-bib-0026){ref-type="ref"} High mannose glycans were mainly detected in nontumor regions but were also present in the tumor region (Figure [1](#jms4490-fig-0001){ref-type="fig"}C). Glycans in the fibrillar capsule were primarily represented by a biantennary core fucosylated N‐glycan (Hex5HexNAc4Fuc1) and a mono‐sialylated version (Hex5HexNAc4Fuc1NeuAc1). An overlay image of these regions is shown in Figure [1](#jms4490-fig-0001){ref-type="fig"}A, along with a tetra‐antennary tumor glycan (Hex7HexNAc6Fuc1) and fucosylated bisecting GlcNAc glycan (Hex6HexNAc6Fuc2).

![N‐glycan imaging MS of a representative ccRCC tissue. A Furhmann grade 2 ccRCC tissue was analyzed for N‐glycan distribution by MALDI‐FTICR imaging MS. A, H&E stain shown with an overlay image of three glycans in specific regions: fibrillar (blue; *m*/*z* = 2122.7245, Hex5HexNAc4Fuc1NeuAc1), nontumor (green; *m*/*z* = 2523.9088, Hex6HexNAc6Fuc2), and tumor (red; *m*/*z* = 2539.9037, Hex7HexNAc6Fuc1). B, Multiple N‐glycans with bisecting GlcNAc and multiple fucosylated residues localized to the nontumor region. C, Distribution of high‐mannose N‐glycans](JMS-55-e4490-g001){#jms4490-fig-0001}

Because of the structural feature of tumor separated from nontumor by the fibrillar capsule, a higher spatial resolution analysis of 50‐μm step size was done for a smaller subsection of tissue that encompassed the three features. As shown in Figure [2](#jms4490-fig-0002){ref-type="fig"}, glomeruli and tubules are evident in the nontumor region. Doing an overlay of N‐glycan images with the H&E, it is clear that the bisecting GlcNAc structures are associated with the proximal tubules (Figure [2](#jms4490-fig-0002){ref-type="fig"}A,B). The fibrillar core fucosylated biantennary glycan was evident (Figure [2](#jms4490-fig-0002){ref-type="fig"}C). Although not detected as intensely, there were also clear glomeruli specific glycans that had tetra‐antennary structures, Hex7HexNAc6Fuc1 and Hex7HexNAc6Fuc1NeuAc1 (Figure [2](#jms4490-fig-0002){ref-type="fig"}D,E). These are glycans that are also abundant in the tumor region (see also Figure [1](#jms4490-fig-0001){ref-type="fig"}A). Not shown were glycans with related structures in the glomeruli, a sulfated species (Hex7HexNAc6Fuc2S) and one with an N‐acetylglucosamine‐galactose (LacNAc) extension (Hex8HexNAc7Fuc1). An overlay image of three glycans representative of each region is shown in Figure [2](#jms4490-fig-0002){ref-type="fig"}F.

![N‐glycan profiles at the fibrillar interface between tumor and nontumor regions. Higher spatial resolution MALDI‐FTICR imaging MS of a highlighted region of the ccRCC Fuhrmann grade 2 tissue is shown. A,B, Bisecting GlcNAc structures (*m*/*z* = 2669.9667, Hex6HexNAc6Fuc3; *m*/*z* = 2816.0246, Hex6HexNAc6Fuc4) are associated with the proximal tubules. C, Detection of bi‐antennary glycan (*m*/*z* = 1809.6393, Hex5HexNAc4Fuc1) in fibrillar core. D,E, Weak but clear detection of glomeruli (annotations 1‐6) via tetra‐antennary glycans (*m*/*z* = 2539.9037, Hex7HexNAc6Fuc1; *m*/*z* = 2853.9983, Hex7HexNAc6Fuc1NeuAc1). Specific glomeruli are numbered in the H&E‐stained tissue for comparison with the N‐glycan images. F, Overlay of three N‐glycans showing clear distinctions between glomeruli, tubules, and fibrillar regions](JMS-55-e4490-g002){#jms4490-fig-0002}

Two additional kidney FFPE tissues were evaluated for their particular clinical features. A pair of tissues from the same donor representing a distal nontumor section and a stage 4 ccRCC section were compared. A summary table of the N‐glycans detected in these tissues and others in this report is provided in Figure [S1](#jms4490-supitem-0001){ref-type="supplementary-material"}. An initial analysis of the nontumor section alone was done, as shown in the segmentation analysis of 79 N‐glycans in Figure [3](#jms4490-fig-0003){ref-type="fig"}A. There are clear distinctive layers of different glycans structures associated with the different cortex and medullar regions of this kidney tissue. An overlay image of four individual glycans is shown in Figure [3](#jms4490-fig-0003){ref-type="fig"}B, correlating well with the segmentation image and the histopathology of the H&E‐stained tissue. Additional glycans and their localization to specific regions of this tissue are shown in [Figure S2](#jms4490-supitem-0001){ref-type="supplementary-material"}. The fucosylated bisecting GlcNAc N‐glycans localize to the cortex, as well as the high mannose structures. The predominant structural features of medullar glycans were basic biantennary and tri‐antennary structures with a single fucose modification. There is also a unique glycomic structure pattern associated at the interface between cortex and medulla represented by multifucosylated glycans that lack the bisecting GlcNAc (Figures [3](#jms4490-fig-0003){ref-type="fig"} and S2).

![N‐glycan profile of representative N‐glycans in a cortex and medulla cross section. A, Segmentation analysis of 19 696 spectra in six nodes of 79 N‐glycans showing specific layers of glycan organization in different tissue regions. The structures and *m*/*z* values of these 79 N‐glycans are provided in Figure [S1](#jms4490-supitem-0001){ref-type="supplementary-material"}. B, Individual cortex (green; *m*/*z* = 2523.9088, Hex6HexNAc6Fuc2), medulla (blue; *m*/*z* = 2122.7245, Hex5HexNAc4Fuc1NeuAc1 +2Na), and interface (white; *m*/*z* = 2581.9336, Hex6HexNAc7Fuc1; red; *m*/*z* = 2978.0774, Hex7HexNAc6Fuc4) glycans along with overlay and representative H&E staining. A terminal N‐acetylgalactosamine structure is present in the *m*/*z* = 2581.9336 glycan (in white). Additional N‐glycan images are shown in [Figure S2](#jms4490-supitem-0001){ref-type="supplementary-material"}](JMS-55-e4490-g003){#jms4490-fig-0003}

In Figure [4](#jms4490-fig-0004){ref-type="fig"}, the segmentation analysis of 79 glycans is shown (Figure [4](#jms4490-fig-0004){ref-type="fig"}B). Glycan images in Figure [4](#jms4490-fig-0004){ref-type="fig"}C highlight the differential detection of the fucosylated bisecting GlcNAc tubule glycans in the nontumor sections with minimal to no detection in the tumor tissue. The majority of the glycans detected above *m*/*z* = 2500 are tumor associated (in purple, Figure [4](#jms4490-fig-0004){ref-type="fig"}B), and these are noted in a column in Figure [S1](#jms4490-supitem-0001){ref-type="supplementary-material"}. In Figure [4](#jms4490-fig-0004){ref-type="fig"}D, the main tumor glycan structures are shown relative to the nontumor tissue and predominantly consist of tetra‐antennary glycans with multiple fucose residues but not structures with bisecting GlcNAc.

![Comparative N‐glycan profiles of patient matched normal and stage 4 ccRCC tissues. A, H&E staining of patient matched distal normal kidney (top) and stage 4 ccRCC (bottom) tissues. Tissue regions of cortex, medulla, and tumor are highlighted by arrows. B, Segmentation analysis of 42 506 spectra and six nodes for 79 N‐glycans in both tissues. C, Normal kidney cortex region defined by glycans with bisecting GlcNAc residues and multiple fucosylated residues, which are absent in ccRCC tissues. D, ccRCC localized N‐glycans that lack bisecting GlcNAc and show increased fucosylation and poly‐LacNAc modification. Differential glycan peak intensities detected between the tumor and normal tissues is provided in [Figure S5](#jms4490-supitem-0001){ref-type="supplementary-material"}](JMS-55-e4490-g004){#jms4490-fig-0004}

3.2. N‐Glycan imaging MS of a polycystic kidney disease tissue {#jms4490-sec-0010}
--------------------------------------------------------------

While not a tumor tissue, the striking pathology of a polycystic kidney disease tissue (Figure [5](#jms4490-fig-0005){ref-type="fig"}A) was evaluated for N‐glycan distribution. Segmentation of the 79 N‐glycans was grouped into three distinct groupings as shown in Figure [5](#jms4490-fig-0005){ref-type="fig"}B. An overlay image of three glycans from each region illustrates the structural theme, notably the reduced amount of fucosylated bisecting GlcNAc structures (in green, Figure [5](#jms4490-fig-0005){ref-type="fig"}C). A distinct structural theme for the other N‐glycans detected tracked primarily with the presence or absence of a core fucose residue. As shown in Figure [5](#jms4490-fig-0005){ref-type="fig"}D, glycans present in the cyst fluid regions lacked fucose, while the same structures with a fucose localized to the tissue regions.

![Representative N‐glycan profiles in a polycystic kidney disease tissue. A, H&E‐stained polycystic kidney disease tissue. B, Segmentation analysis of 39 049 spectra in three nodes of 79 N‐glycan structures showing distinctions between tissue and cyst fluid regions. C, Overlay of N‐glycan images representing three regions, cyst (blue; *m*/*z* = 1976.6666, Hex5HexNAc4NeuAc1 +2Na), tubule associated (green; *m*/*z* = 2158.7766, Hex5HexNAc5Fuc2), and tissue (red; *m*/*z* = 2122.7245, Hex5HexNAc4Fuc1NeuAc1 +2Na). D, Localization comparisons of bi‐, tri‐ and tetra‐antennary N‐glycans without core fucose residues localized to cyst fluid regions (red, left side), compared with these same structures with a core fucose modification localized to tissue regions (green, right side)](JMS-55-e4490-g005){#jms4490-fig-0005}

3.3. N‐Glycan imaging of TMAs for stages 1 to 4 ccRCC {#jms4490-sec-0011}
-----------------------------------------------------

A series of TMAs representing over 150 subjects and tumor stages 1 to 4 were evaluated by N‐glycan imaging MS. Each TMA contained four tissue cores per donor, two from distal nontumor regions and two from the tumor regions. An example glycan image from a stage 1 ccRCC TMA of the most abundant tetra‐antennary tumor glycan (Hex7HexNAc6Fuc1, in red) overlaid with a fucosylated bisecting GlcNAc glycan (Hex6HexNAc6Fuc2, in green) is shown in Figure [6](#jms4490-fig-0006){ref-type="fig"}A. This same image overlay of these two glycans is shown for the ccRCC TMAs for stage 1, stages 2 and 4, and stage 3 samples in [Figure S3](#jms4490-supitem-0001){ref-type="supplementary-material"}. As shown in Figure [6](#jms4490-fig-0006){ref-type="fig"}B, the pattern of fucosylated bisecting GlcNAc tubule glycans present in nontumor tissues and mostly absent in tumor cores is clear. Using SCiLS Lab software, the differential intensities of detected N‐glycans were compared for normal and tumor pairs where all four cores from a patient donor were present. The log2 ratios of each glycan intensity in the nontumor and tumor pairs were assessed to determine the most differential tumor and nontumor glycans detected in the TMAs. These data are provided for the stage 1 ccRCC TMA, as well as representative box and whisker plots of several tumor glycans, as shown in [Figure S4](#jms4490-supitem-0001){ref-type="supplementary-material"}. Similar data tables comparing N‐glycan intensities for the stage 4 ccRCC/nontumor tissue pair are provided in [Figure S5](#jms4490-supitem-0001){ref-type="supplementary-material"}. The cumulative data in the tumor samples highlight the fundamental loss of the fucosylated bisecting GlcNAc glycans normally present in tubules. Tumor‐associated glycans were primarily tri‐ and tetra‐antennary structures with 1 to 2 fucose residues, LacNAc extensions, or sialic acids.

![N‐glycan profiling of patient matched normal and tumor pairs for Stage 1 ccRCC. Patient match tumor and distal normal tumor cores, 2 per region, n = 58 donors, were assembled into a tissue microarray. A, Overlay of representative N‐glycan images between normal (green, *m*/*z* = 2523.9088, Hex6HexNAc6Fuc2) and tumor (red, *m*/*z* = 2539.9037, Hex7HexNAc6Fuc1) tissues. B, Normal samples from stage 1 ccRCC TMA show an abundance of bisecting GlcNAc and multifucosylated N‐glycans (Hex5HexNAc5Fuc1‐3, top panel; Hex6HexNAc6Fuc1‐3, bottom panel). Detection of these structures is generally absent in matched tumor samples. Additional data comparing the intensities of detected N‐glycans between tumor and normal tissues are provided in [Figure S4](#jms4490-supitem-0001){ref-type="supplementary-material"}](JMS-55-e4490-g006){#jms4490-fig-0006}

3.4. Gene array data correlates {#jms4490-sec-0012}
-------------------------------

Using previously published proteogenomic studies in a ccRCC cohort of matched tumor and normal tissues from our group,[13](#jms4490-bib-0013){ref-type="ref"}, [14](#jms4490-bib-0014){ref-type="ref"}, [15](#jms4490-bib-0015){ref-type="ref"} transcriptomic gene array data were assessed for the glycosyltransferase family of fucosyltransferases, FUT1 to FUT11. These enzymes are responsible for the presence or absence of the multifucosylated structures detected in the tubule and tumor regions. The transcriptomic data were originally obtained from a panel of ccRCC tissues with matched nontumor and tumor tissues for stages 1 to 4 tumors, analogous to the TMA constructs assessed in Figure [6](#jms4490-fig-0006){ref-type="fig"}. As shown in Figure [7](#jms4490-fig-0007){ref-type="fig"}, four sentinel fucosyltransferase transcript levels are shown for FUT3, FUT6, FUT8, and FUT11. There is a notable decrease in FUT3 and FUT6 transcript levels in the tumor samples from all stages. The FUT3 and FUT6 enzymes are known to transfer fucose residues to glycan antennae. The FUT8 gene is responsible for core fucosylation of the GlcNAc residue that would be attached to the Asn residue on the glycoprotein carrier. FUT8 expression was not significantly different across the stages. This FUT8 expression pattern was similar for other FUT genes tested (FUT1, FUT2, FUT4, FUT5, FUT7, FUT9, and FUT10; data not shown)^.^ [13](#jms4490-bib-0013){ref-type="ref"} The FUT11 gene was the only gene increased in tumors, and it is known to be involved in O‐glycosylation addition of fucose residues to glycoproteins. It has been reported previously to be a potential biomarker of ccRCC \[26\]. The transcript levels for the glucosaminyltransferases responsible for the bisecting GlcNAc structure, MGAT3, and antennae branching, MGAT5, were not differentially expressed between the matched tumor stage and nontumor samples.[13](#jms4490-bib-0013){ref-type="ref"}

![Gene expression analysis of fucosyltransferase genes in stages 1 to 4 ccRCC. Previously published gene expression analyses[13](#jms4490-bib-0013){ref-type="ref"}, [15](#jms4490-bib-0015){ref-type="ref"} for patient matched tumor and distal normal tissue pairs were assessed for differences in gene expression of representative fucosyltransferases. For each stage, Afflymetrix array intensity data for each gene is shown for five pairs of tissues per stage in box and whisker plots. Shown are normal (N, blue) and tumor (T, red) distribution values for each stage. FUT3 and FUT6 genes encode the enzymes that add fucose residues to N‐glycan antennae; the FUT8 encodes the enzyme responsible for core fucosylation; FUT11 is a fucosyltransferase involved in fucosylation of O‐linked glycans[27](#jms4490-bib-0027){ref-type="ref"}](JMS-55-e4490-g007){#jms4490-fig-0007}

4. CONCLUSION {#jms4490-sec-0013}
=============

In the kidney tissues evaluated by N‐glycan imaging MS, the predominant feature determined was the presence and overall abundance of the fucosylated and bisecting GlcNAc N‐glycan structures associated with the proximal tubules. As ccRCC is known to develop in the cortex epithelium, the cumulative data highlight the all or nothing glycan presence detected in the cortex regions for nontumor and tumor samples (Figures [1](#jms4490-fig-0001){ref-type="fig"}, [4](#jms4490-fig-0004){ref-type="fig"}, and [6](#jms4490-fig-0006){ref-type="fig"}). The presence of the bi‐, tri‐, and tetra‐antennary fucosylated and bisecting GlcNAc structures have been reported in multiple mouse kidney studies.[26](#jms4490-bib-0026){ref-type="ref"}, [28](#jms4490-bib-0028){ref-type="ref"}, [29](#jms4490-bib-0029){ref-type="ref"} Using a monoclonal antibody recognizing anti‐Lewis x structures (Galβl‐ 4(Fucα1‐3)GlcNAc) in kidney tissue from control and FUT9 knock‐out mice, a clear staining of proximal tubules was evident in control tissues but not present in FUT 9 KO tissues.[28](#jms4490-bib-0028){ref-type="ref"}, [29](#jms4490-bib-0029){ref-type="ref"} This is consistent with the colocalization of these structures in the proximal tubules detected in the human kidney tissues (Figures [1](#jms4490-fig-0001){ref-type="fig"}, [2](#jms4490-fig-0002){ref-type="fig"}, [3](#jms4490-fig-0003){ref-type="fig"}, [4](#jms4490-fig-0004){ref-type="fig"}). In the study of Noro et al,[28](#jms4490-bib-0028){ref-type="ref"} glycoprotein carriers of the Lewis x antigen were identified and included cadherin‐16, integrin beta‐1, neprilysin, meprin‐A, and 20 other glycoproteins. A previous N‐glycan MALDI imaging study of mouse kidney tissues also reported the cortex localization of the fucosylated‐bisecting GlcNAc glycans.[26](#jms4490-bib-0026){ref-type="ref"} In unpublished studies in rat and mouse kidneys from our group, the same structural patterns and localization have also been observed. The localization of these glycans to the proximal tubules in human kidney cortex regions, as reported herein, is thus likely conserved across many species. Another novel finding was the glycomic structure pattern at the interface between cortex and medulla regions in the nontumor tissue (Figures [3](#jms4490-fig-0003){ref-type="fig"} and [S2](#jms4490-supitem-0001){ref-type="supplementary-material"}). Several N‐glycans were also shown to be enriched in glomeruli (Figure [2](#jms4490-fig-0002){ref-type="fig"}) and structurally were tetra‐antennary glycans with fucose, sialic acid, and sulfated constituents. It has been difficult to define these glomeruli glycans by MALDI imaging approaches because of multiple factors. This includes their small size and lower abundance relative to tubules and their high mass range \>2500 *m*/*z*, glycans. Combined with the much larger detected ion intensities from the adjacent tubule glycans throughout the same high mass range, the glomeruli signals are minimized in intact tissues. Current studies are ongoing to target identification of sialylated N‐glycans in the glomeruli using a chemical amidation approach that stabilizes their detection for MALDI imaging analysis.[30](#jms4490-bib-0030){ref-type="ref"}

In summary, the results indicate the important role that fucosylated N‐linked glycans have in kidney histopathologies. The profound differences in glycan structures detected in the polycystic kidney disease tissue (Figure [5](#jms4490-fig-0005){ref-type="fig"}) highlight this. In addition to ccRCC and other renal tumor subtypes, analysis of the changes in fucosylation is warranted for other kidney diseases like diabetes and lupus nephritis. N‐linked glycosylation is only one component of the complex glycan functions in normal and diseased kidneys that include many roles for O‐linked glycans, glycosaminoglycans, and glycolipids.[31](#jms4490-bib-0031){ref-type="ref"} Because of the critical need to improve outcomes for promising immunotherapy and angiogenesis targeted treatments for ccRCC that work in subsets of patients,[2](#jms4490-bib-0002){ref-type="ref"}, [3](#jms4490-bib-0003){ref-type="ref"}, [32](#jms4490-bib-0032){ref-type="ref"} continued evaluation of N‐linked glycosylation and other glycan classes in this context could provide new therapeutic and diagnostic assay leads.
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**Figure S1.** **Summary table of compositions, m/z values and structural representaions of N‐glycans cumulatively detected in the analyzed tissues.** For tissues analyzed in Figures 1‐6, a cumulative list of 81 glycans is shown. This includes a composition, m/z value and a representative structure. The representative structures do not account for many possible isomeric structures that could be present, especially for the larger mass N‐glycans with multiple fucose and sialic acid modifications. A key to the glycan colors and identities is shown in the panel on the right. . Within the data, some glycan species are highlighted to indicate their localization in different analyzed tissues, which include light green for proximal tubule N‐glycans, rose for stage 1 ccRCC TMA tumor glycans, and light red for tumor glycans from the Stage 4 ccRCC tissue. See also the data tables in Supplemental Figures 4 and 5

**Figure S2. Representative examples of N‐glycan localization to specific cortex and medulla regions in a normal kidney tissue.** An H&E stain of the tissue is shown with regions cortex and medullar regions highlighted. **1** ^**st**^ **row**, tri‐ and tetra‐antennary N‐glycans with bisecting GlcNAc and multiple fucose residues localized to the cortex; **2** ^**nd**^ **row**, high‐mannose glycans localized to the cortex; **3** ^**rd**^ **row**, bi‐ and tri‐antennary structures without bisecting GlcNAc localized to the medulla. **4** ^**th**^ **row**, cortex‐medullary interface glycans characterized by tri‐ and tetra‐antennary N‐glycans with multiple fucose residues (and no bisecting GlcNAc).

**Figure S3. Comparison of detection of a tubule specific N‐glycan versus a tumor N‐glycan in Stage 1‐4 ccRCC TMAs.** The bisecting GlcNAc tri‐antennary N‐glycan Hex6HexNAc6Fuc2 (*m/z* 2523.9088) was detectable at high levels in normal samples across all 4 stages. Detection of the tetra‐antennary N‐glycan Hex7HexNAc6Fuc1 (*m/z* 2539.9037) was specific to tumor samples across all 4 stages. The H&E stains for each TMA are also included.

**Figure S4. Tumor and non‐tumor specific N‐glycans in the Stage 1 ccRCC TMA. A.** Area under the peak intensity values for the Stage 1 ccRCC/normal TMA tissue cores were obtained using SCiLS Lab software. Log2FC transformation was done for the averaged peak values, comparing tumor (positive numbers) versus normal (negative numbers). For the stage 1 TMA, values were used only for samples where all four tissue cores were present. Light green color highlights the proximal tubule glycans, and rose color highlights tumor associated glycans. **B.** Box and whisker plots of representative tumor‐associated N‐glycans are shown

**Figure S5. Tumor specific N‐glycans in the Stage 4 and non‐tumor paired tissues.** Area under the peak intensity values for the ccRCC/normal Stage 4 tissue pair were obtained using SCiLS Lab software. Log2FC transformation was done for the averaged peak values. **A.** N‐glycans primarily associated with increased detection in tumor regions (positive numbers). **B.** N‐glycans primarily associated with increased detection in non‐tumor regions (negative numbers). Light green color highlights the proximal tubule glycans, and light red color highlights the high mass tumor associated glycans.

###### 

Click here for additional data file.
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